Altered glomerular metabolism of arachidonic acid (AA) has already been demonstrated in experimental nephrotoxic nephritis. The Isolated glomeruli from nephrotic rats studied 14 or 30 d after a single intravenous injection of adriamycin (7.5 mg/kg) when animals were heavily proteinuric generated significantly more TxB2, the stable breakdown product of TxA2, than normal glomeruli. No significant changes were found in the other major AA metabolites formed through cyclooxygenase. Urinary excretion of immunoreactive TxB2 was also significantly higher in nephrotic than in normal animals. Administration of a selective Tx synthetase inhibitor, UK-38,485, from day 14 to day 18 after adriamycin resulted in a significant reduction of proteinuria compared with pretreatment values. Glomerular synthesis and urinary excretion of TxB2 were normal during the UK-38,485 treatment. Additional experiments showed that elevated glomerular synthesis and urinary excretion of TxB2 were not a consequence of increased substrate availability. Maximal stimulation of the renin-angiotensin axis with furosemide increased glomerular TxB2 synthesis in normal rats, which was significantly lower than in nephrotic animals. Finally, experiments using a unilateral model of adriamycin nephrosis indicated that the enhancement of glomerular TxB2
Altered glomerular metabolism of arachidonic acid (AA) has already been demonstrated in experimental nephrotoxic nephritis. The enhanced synthesis of thromboxane A2 (TxA2) in isolated glomeruli that has been found may mediate changes in renal hemodynamics. The objectives of this investigation were: to check whether glomerular AA metabolism is also altered in a model of glomerulopathy in which no leukocyte infiltration or platelet deposition could be demonstrated; to establish a correlation between the altered AA metabolism and proteinuria; and to explore whether the alteration of the prostaglandin (PG) pathway found in isolated glomeruli is an in vitro artifact or reflects a modification in vivo.
We used a model of glomerular damage characterized by heavy and persistent proteinuria, which was induced in the rat by a single intravenous injection of adriamycin. At light microscopy, minimal glomerular abnormalities were found in this model. Electron microscopy showed profound alterations of glomerular epithelial cells with extensive fusion of foot processes and signs of epithelial cell activation. Electron microscopy of numerous glomeruli showed no platelet deposition or macrophage and leukocyte infiltration in this model.
Isolated glomeruli from nephrotic rats studied 14 or 30 d after a single intravenous injection of adriamycin (7.5 mg/kg) when animals were heavily proteinuric generated significantly more TxB2, the stable breakdown product of TxA2, than normal glomeruli. No significant changes were found in the other major AA metabolites formed through cyclooxygenase. Urinary excretion of immunoreactive TxB2 was also significantly higher in nephrotic than in normal animals. Administration of a selective Tx synthetase inhibitor, UK-38,485, from day 14 to day 18 after adriamycin resulted in a significant reduction of proteinuria compared with pretreatment values. Glomerular synthesis and urinary excretion of TxB2 were normal during the UK-38,485 treatment. Additional experiments showed that elevated glomerular synthesis and urinary excretion of TxB2 were not a consequence of increased substrate availability. Maximal stimulation of the renin-angiotensin axis with furosemide increased glomerular TxB2 synthesis in normal rats, which was significantly lower than in nephrotic animals. Finally, experiments using a unilateral model of adriamycin nephrosis indicated that the enhancement of glomerular TxB2
Introduction After the initial observation by Smith and Bell (1) that normal glomerular tissue synthesizes prostaglandins (PG),' several efforts were made to define the role of arachidonate metabolites of glomerular origin in normal conditions and disease. The majority of studies found PGF2,, and PGE2 to be the predominant glomerular PG in rats, though significant amounts of thromboxane A2 (TxA2) and prostacyclin (PGI2) could also be detected (2) (3) (4) (5) . Glomeruli that were isolated from rats with glycerol-induced acute renal failure synthesized larger amounts of PGE2, PGF2<, and TxB2 than appropriate controls (6) . It is tempting to speculate that these vasoactive substances have a pathogenetic role in mediating the alterations in regional blood flow typical of acute renal failure.
More recently, Lianos et al. (7) and Dunn (8) , using the nephrotoxic nephritis model in rats induced by a single injection of anti-glomerular basement membrane antibody, found that isolated glomeruli from these animals synthesized Tx at 10 times the rate of control glomeruli. These authors made the important observation that the increased glomerular Tx synthesis correlates linearly with the extent of proteinuria. Whether this reflects a cause and effect relationship, or both glomerular Tx production and proteinuria are two independent markers of glomerular injury, is open to speculation. In order to clarify this issue we studied a model of glomerular damage, which was characterized by heavy and persistent proteinuria, induced in the rat by a single intravenous injection of adriamycin (9) .
We report here a significant increase of both glomerular synthesis and urinary excretion of TxB2 as the obvious alterations of renal arachidonic acid (AA) metabolism in rats affected by adriamycin nephrosis. The increase in TxB2 synthesis is concomitant with the appearance of proteinuria and reaches its maximum at the time of peak proteinuria. Administration of a selective Tx synthetase inhibitor to nephrotic animals significantly reduces the exaggerated renal TxB2 production and lowers proteinuria in all animals.
We suggest that the mechanism of proteinuria, at least in this experimental model, depends on increased glomerular Tx synthesis, which probably mediates an alteration in the glomerular barrier to proteins.
Methods
Materials. Adriamycin (Adriblastina) was a gift from Farmitalia Carlo Erba (Milan, Italy). UK-38,485, 3-(lH-imidazol-l-yl-methyl)-2-methyl-IH-indole-l-propanoic acid) was kindly provided by Dr Animal experiments. Sprague-Dawley CD-COBS male rats (Charles River Breeding Laboratories Inc., Wilmington, MA), weighing 185-200 g at the start of the experiment, were used. Nephrotic syndrome was induced by a single intravenous injection of adriamycin (7.5 mg/ Kg), which corresponded to 105 mg/square meter through the tail vein of nonanesthetized animals according to a method previously described (9) . Controls rats received the solvent alone. The Tx synthetase inhibitor, UK-38,485, was injected (20 mg/kg) intraperitoneally t.i.d. for five consecutive days. 4 h after the last injection the kidneys were removed. Selected studies were performed in animals with the left kidney clamped for 5 min just before intravenous adriamycin. Furosemide (12.5 mg/Kg) was administered subcutaneously twice a day for 10 d. Sulindac (60 mg/kg) was given as a single oral dose daily for three consecutive days.
For the determination of inulin clearance animals were anesthetized by intraperitoneal injection of Inactin (16 mg/100 g of body weight), placed on a constant temperature table, and tracheotomized. 2 ml of inulin (5% in isotonic saline solution) was injected as priming dose, followed by constant infusion at 2.7 ml/h. A 60-min period of constant infusion was allowed before initiation of clearances. Urine was collected via a polyethylene tube inserted in the bladder. 0.1-ml blood samples were obtained from a polyethylene tube (PE-50) inserted in the femoral artery. Plasma and urine inulin were determined using colorimetric assay adapted for microliter samples.
Glomerular isolation. Treated and control rats were anesthetized with ether and a cannula was inserted into the lower aorta. Subsequently, the aorta was clamped above the renal arteries, the renal veins were cut, and the kidneys were perfused with 60-80 ml of Krebs-Ringer phosphate buffer (KRB) with the following composition: 120.29 mM NaCl, 4.82 mM KCI, 1.21 mM MgSO4, 2.57 mM CaCl2, and 15.6 mM phosphate buffer (pH 7.4). When kidney surfaces were completely blanched, the kidneys were removed and immediately immersed in ice-cold KRB. All subsequent preparative steps were performed at 4°C. The renal capsules were removed and the cortex was separated from the medulla. The cortical segments were finely minced into 1-2-mm fragments and the glomeruli were separated from residual cortical tissue by passing the homogenate through different size sieves and pressing the preparation through a 106 um sieve to exclude the tubules, and a 75-pm sieve to retain the glomeruli. The sieved tissue, suspended in KRB, pH 7.4, was passed through a 25-gauge needle and centrifuged at 140 g for 120 s. The supernatant was discarded, the pellet resuspended in the same buffer solution, passed again through the needle, and centrifuged. The purity of isolated glomeruli was determined microscopically by counting the number of glomerular and nonglomerular particles suspended in a given volume. The final pellet consisted of decapsulated glomeruli with <2% tubular contamination. Electron microscopy of the normal isolated glomeruli showed well-preserved ultrastructure with intact endothelial lining, basement membranes, and distinct epithelial foot processes. The glomeruli of treated and control rats were always prepared in parallel.
Incubations. Freshly prepared glomeruli from control and treated rats were resuspended in I ml of KRB at 370C in room atmosphere in a Dubnoff shaking water bath (120 cycles/min). Incubation was usually stopped after 60 min by centrifugation at 3,000 g for 5 min and the supernatant of each tube was collected and frozen until PG radioimmunoassay. In selected experiments, the isolated glomeruli were incubated in presence of AA, 10 and 20 AM, final concentration.
Protein concentration was determined according to the method of Lowry et al. (10) with BSA as a standard. The concentration of glomerular proteins varied in different experiments (200-500 pg/ml) but was kept constant within the same experiment. For in vitro experiments, isolated glomeruli from normal rats were incubated with adriamycin 200 pg/ml and I mg/ml for 5 and 30 min.
Sample preparation. Serum for studying platelet TxB2 production in response to endogenous thrombin was obtained by leaving multiple 1-ml aliquots of native blood, collected by intracardiac puncture from ether-anesthetized animals, at 370C for 30 min, after the method previously reported (11) . The prepared sera were frozen and kept at -20'C until assayed.
Urines were collected using metabolic cages over a 24-h period, and their protein content was determined by the sulfosalicylic acid method. Serum and urine creatinine were determined by the method of Hare (12) using a Beckman analyzer (Astra 4 model, Beckman Instruments Inc., Fullerton, California). Creatinine and inulin clearances were calculated in the usual manner. Urinary TxB2, 6-Keto-PGFI., and PGE2, which, within limits, reflect the renal synthesis of TxA2, PG12, and PGE2, respectively, (13, 14) were measured by radioimmunoassay after extraction.
Renal tissue specimens were obtained from kidney biopsies. For light microscopy, fragments of the cortex were fixed in Dubosq-Brazil fluid (80% alcohol, 150 ml; formol, 60 ml; acetic acid, 15 ml; picric acid, I g) and embedded in paraffin. Sections of 2 pm were stained with Masson's trichrome, hematoxylin and eosin, periodic acid staining (periodic acid-Schiff), and Wilder's reticulin. For electron microscopy, small pieces of the cortex were fixed with phosphate-buffered 2.5% glutaraldehyde (pH 7.2) for 6 h, then rinsed in 0.2 M cacodylate buffer (pH 7.4). Subsequently the samples were postfixed in 1% osmium tetroxide at 4°C for I h, washed in buffer, and immered in 0.5% Veronal uranyl acetate. Samples were then dehydrated through graded alcohol and embedded in Spurr resin. Ultrathin sections (60-80 nm)
were cut on a Reichert Om A-2 ultramicrotome and examined with a Zeiss EM 109.
Assays. Radioimmunoassay: unextracted supernatants of glomerular preparations and extracted urinary samples were assayed for TxB2, 6-Keto-PGFI., the stable breakdown product of PG12, and PGE2. Glomerular supernatants were diluted in 50 mM phosphate buffer (pH 7.4) and assayed in a volume of 1.5 ml, at a final dilution of 1:12-1:30 for TxB2, 1:30 for 6-Keto-PGFI., and 1:30 for PGE2. PG were measured in extracted urinary samples diluted 1:30-1:120. 5,000 dpm of 3H-TxB2 or 3H-6-Keto-PGF1. or 3H-PGE2 and appropriately diluted anti-TxB2 (final dilution 1:1,000,000) or anti-6-Keto-PGF,, (final dilution 1:350,000) or anti-PGE2 sera (final dilution 1:50,000) were mixed and added in a volume of 1.25 ml to each assay tube. The smallest concentrations that could be measured with 95% confidence were 50 pg/ml for TxB2, 100 pg/ml for 6-Keto-PGFIa, and 12.5 pg/ ml for PGE2. The detection limits were 0.6 ng for TxB2, 3 ng for 6-Keto-PGF1., and 375 pg for PGE2 per milliliter of glomerular supernatant, and 3 ng for TxB2 and 6-Keto-PGFI. and 375 pg for PGE2 per milliliter of extracted urinary sample. Radioactivity of samples was counted in a liquid scintillation counter (Berthold model Betaszint b F 5000/300). Results were expressed as nanograms of TxB2, 6-Keto-PGFI., and PGE2 per milligram of protein per hour for glomerular preparations and nanograms per day for urine.
TLC: isolated glomeruli (-1 mg protein content per tube of glomerular incubation) were incubated in KRB containing 0.8 MCi '4C-AA in a final volume of 2 ml. The tubes were placed in a shaking water bath (100 cycles/min) at 370C for I h. Incubation was terminated by centrifugation at 4VC for 5 min at 3,000 g and the supernatant was removed. The pellet was washed thrice with KRB containing 1 mg/ml of essentially fatty acid-free albumin. PG synthesis was examined by incubating the washed, prelabeled glomeruli resuspended in 2 ml of KRB containing 4 mM CaC12 at 370C for 15 min. Incubation was terminated by centrifugation as above. The supernatant was removed, immediately acidified to pH 3.0-3.5 with 1 N HCI, and extracted twice with 3 vol of ethyl acetate. Recovery of "4C-AA was 90-95%. The extracts were evaporated to dryness under nitrogen, resuspended in chloroform-ethanol (2:1), spotted on silica gel TLC plates together with 2-5 jug of PG and Tx standards, and developed twice in the organic phase of ethyl acetate/iso-octane/acetic acid/water (11:5:2:10, vol/vol). The standards were visualized by exposing the thin-layer plates to iodine vapor. The plates were cut into 30 segments and the silica gel from each segment was transferred to a scintillation vial; radioactivity was determined by scintillation counting in 8 ml of a counting mixture (Ready-Solv MP, Beckman Analytical S.R.L., Milan, Italy). Counting efficiency, determined with a radioactive external standard, was 40-50%.
Urine extraction. Urinary TxB2, 6-Keto-PGFI,, and PGE2 were measured by radioimmunoassay after extraction and silicic acid column chromatography. 2,000 cpm of 3H-PGE2 (New England Nuclear, 165
Ci/mM) in 2 ml of 50 mM phosphate buffer solution, pH 7.4, were added to 6-ml aliquots of urine to serve as tracer during extraction and purification. Urine was acidified to pH 3.5 with formic acid (99%) and extracted with chloroform 1:3. The chloroform was removed by evaporation at 37°C. 0.5 g of silicic acid was dissolved in 4 ml of benzene/ethyl acetate (60:40) (solvent 1) and added to a small glass column (6 X 0.7 cm). The column was washed with 5 ml of benzene/ ethyl acetate/methanol (60:40:20) (solvent 2) and 1.5 ml of solvent 1. The extracted residue was dissolved in 0.2 ml of benzene/ethyl acetate/ methanol (60:40:10) (solvent 3), and 0.8 ml of solvent I was added. The mixture was applied to the column, and PG fractions were eluted with 5 ml of solvent I (fraction I: POA and PGB) and 5 ml of solvent 6-Keto-PGFIa, and PGE2. Percentage recovery was calculated using 2,000 cpm of 3H-PGE2. PGE2 was chosen as it was extracted with the same efficiency and eluted from the silicic acid column in the same fraction as TxB2 and 6-Keto-PGFI.. Overall PG and Tx production by isolated glomeruli of rats with adriamycin nephrosis. Isolated glomeruli were studied from 21 rats given a single intravenous injection of adriamycin and 20 normal rats. Two groups of adriamycin-treated rats were considered. The first group of animals were killed 3 d after adriamycin when no proteinuria could be detected. The pattern of Tx and PG production from isolated glomeruli of these animals, measured by a radioimmunoassay, was comparable to controls. In contrast, isolated glomeruli from rats treated with adriamycin 14 and 30 d before, and proteinuric at the moment of the study, synthesized Tx at 4-5 times the rates of control glomeruli (Fig. 1) . Synthesis of 6-Keto-PGFIa and PGE2 increased transiently. However, 14 d after the single intravenous injection of adriamycin, Tx was the only AA metabolite that was persistently synthesized at increased rates, contrary to 6-Keto-PGFI, and PGE2 (Table I) Urinary excretion of Tx in adriamycin nephrosis. In order to establish whether the increased glomerular Tx synthesis in nephrotic animals reflects a modification operating in vivo or is influenced by the in vitro manipulation of the kidneys, urinary excretion of Tx was measured in controls and nephrotic animals. Urinary excretion of TxB2 was significantly increased in experimental nephrosis, which was in parallel with the data from isolated glomeruli (Fig. 2) . These findings are consistent with recent evidence that urinary excretion of Tx mostly reflects renal synthesis of the vasoactive parent compound in health and disease (15) . Urinary excretion of 6-Keto-PGFia and PGE2 was not significantly modified in nephrotic animals ( Table I) .
Effect of a selective Tx synthetase inhibitor on glomerular Tx synthesis and proteinuria. In order to understand better the relationship between the increased Tx synthesis and proteinuria we studied two additional groups of animals injected with adriamycin (7.5 mg/kg); eight rats received three daily intraperitoneal injections of the Tx inhibitor, UK-38,485 (16) , at doses of 20 mg/kg during the period of heavy proteinuria (days 14-18 after adriamycin), and eight rats received buffer alone for the same period. The dose of UK-38,485 used, when given to normal rats, caused 98% (from 142.8±76.7 to 2.45±1.27 ng/ml) inhibition of platelet Tx generation, as measured by the amount of Tx detected in serum after blood coagulation in vitro (11) . All rats were killed on day 18, 4 h after the last UK-38,485 or buffer injection.
As shown in Fig. 3 , proteinuria during the treatment with UK-38,485 was significantly lower than both pretreatment values and the values in a comparable group of rats, not given the inhibitor, at the same interval from adriamycin injection. Urinary excretion of TxB2 was also significantly reduced during UK-38,485 treatment (Fig. 3) after the treatment with UK-38,485 (Fig. 3) Methods. 4 
Discussion
The finding that several experimental models of glomerular damage show certain common quantitative and qualitative alterations in AA metabolism suggests the importance of this modulatory pathway in glomerular pathophysiology (17) (18) (19) . Glomerular production of TxB2 might be one of the factors responsible for the altered glomerular filtration rate in disease (8) . Indeed, in experimental nephrotoxic nephritis, a marked initial increment of glomerular Tx has been demonstrated, which parallels the decrements in renal blood flow and glomerular filtration rate seen a few hours after the induction of the disease. In contrast, the glomerular synthesis of vasodilatory PGE2 increases progressively in the following days and appears to account for the spontaneous recovery in renal blood flow and glomerular filtration rate observed in these animals after 14 d (20) . In this context, Lianos et al. (7) also found in a rat model of nephrotoxic nephritis that Tx was the only arachidonate metabolite that was persistently synthesized at an increased level during prolonged incubation of glomerular preparations. More important, they found a linear correlation between proteinuria and the increase in glomerular Tx synthesis.
As the authors commented, this correlation could represent a cause-effect relationship, or both glomerular Tx and proteinuria could be independent markers of the extent of glomerular injury.
The results of the present study show that a model of glomerular injury quite different from those studied previously was also characterized by a selective increase in urinary excretion and glomerular production of TxB2. We also found transient differences between normal and nephrotic animals in other products of AA metabolism, but these differences never reached statistical significance. Together with previous observations in nephrotoxic nephritis and in a model of acute renal failure due to bilateral ureteral obstruction, these results might be taken to suggest that glomerular function in normal conditions might be critically under the control of Tx synthesis (21 (25) . To overcome this problem we studied a group of normal rats under chronic furosemide treatment, which had limited access to water, to ensure maximal stimulation of the reninangiotensin system (26) . The glomerular Tx synthesis was significantly higher in adriamycin than in furosemide-treated animals, so it is unlikely that the altered AA metabolism observed in nephrotic syndrome is simply a consequence of stimulation of the renin-angiotensin system.
Finally, the increased production of Tx by isolated glomeruli in adriamycin nephrosis might be a consequence of the hypoalbuminemia which develops with the nephrotic syndrome. The rationale for this possibility derives from studies by Yoshida and Aoki (27) and by Schieppati et al. (28) , who demonstrated that hypoalbuminemia ofthe nephrotic syndrome raises the capacity of circulating platelets to form Tx. However, the present study shows that blood modifications induced by the nephrotic syndrome do not alter the AA metabolism, in that isolated glomeruli from kidneys unilaterally protected from adriamycin toxicity, but taken from animals with heavy proteinuria, generated a normal amount of TxB2.
As regards the cellular origin of TxB2, it is reasonable to believe that glomerular epithelial cells are the major source of Tx in our experimental condition. In our model, at variance with previous ones, no monocyte or leukocyte infiltration and no platelet deposition could be detected, and the only ultrastructural abnormalities were confined to visceral epithelial cells (9) . Since morphological evidence does not necessarily rule out the possibility of contamination of our glomerular preparation with entrapped platelets and leukoytes, we studied the effect of sulindac in adriamycin nephrosis. To clarify better the issue of the urinary TxB2 origin we used the pharmacological approach proposed by Ciabattoni et al. (29) . These authors provided evidence in humans that sulindac substantially inhibits Tx synthesis by circulating cells but does not affect renal Tx synthesis as measured by urinary excretion of TxB2. These studies give useful information on the origin of urinary TxB2, distinguishing between circulating cells and intrarenal Tx synthesis.
We repeated the same experiments in nephrotic rats. Despite the fact that platelet count in these animals rises to twice basal values 14 d after the treatment with adriamycin (30), we found that the dose of sulindac used inhibited platelet TxB2 by >70% in all animals but did not affect urinary excretion of TxB2. This would suggest that the increased urinary excretion of Tx in experimental nephrosis is unlikely to be of platelet origin, but possibly reflects an increased intrarenal synthesis. Increased Tx production can alter glomerular function in a complex way. It was suggested that basal renal vascular tone is in some way under the influence of TxA2, since imidazole (31) increases renal blood flow in animals by reducing renal resistance. Moreover, evidence is accumulating that this potent vasoactive substance may contribute to the intense afferent arteriolar vasoconstriction that occurs with ureteral obstruction. The results of the present study suggest that TxA2 could have an additional effect on glomerular function by altering the basement membrane's permeability to proteins. In this context, a possible role of PG in modulating selectivity and permeability of the glomerular barrier can be inferred from old studies in which indomethacin (32) was reported convincingly, though inconsistently (33), to reduce proteinuria in animals and humans. However, the conflicting data obtained with indomethacin might be interpreted as a consequence of nonselective inhibition of PG with different, and possibly opposite, activities in the glomeruli, thus making it difficult to assess the net result.
Appropriate studies are warranted to evaluate the potential role of drugs selectively inhibiting Tx synthesis in the treatment of proteinuria.
